In group-living animals, social interactions influence various traits including circadian activity. Maternal care, in particular, can have a strong effect on the circadian activity of parents or nurses across taxa. In social insects, nestmates are known to have diverse activity rhythms; however, what kind of social environment is crucial in shaping an individual's rhythm is largely unknown. Here, we show that the focal brood types being taken care of (i.e. egg, larva and pupa) have significant effects on individual activity/ rest rhythm, using the monomorphic ant Diacamma ( putative species indicum). When isolated from a colony, nurses exhibited a clear circadian rhythm. However, when paired with eggs or larvae, they exhibited around-the-clock activity with no apparent rhythm. In contrast, a clear activity rhythm emerged when nurses were paired with a pupa, requiring little care. Such brood-type-specific changes in circadian activity are considered to arise from the difference in caretaking demands. Our finding may contribute to the understanding of the organization of a colony in the context of behavioural variability under different microenvironments.
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In group-living animals, social interactions influence various traits including circadian activity. Maternal care, in particular, can have a strong effect on the circadian activity of parents or nurses across taxa. In social insects, nestmates are known to have diverse activity rhythms; however, what kind of social environment is crucial in shaping an individual's rhythm is largely unknown. Here, we show that the focal brood types being taken care of (i.e. egg, larva and pupa) have significant effects on individual activity/ rest rhythm, using the monomorphic ant Diacamma ( putative species indicum). When isolated from a colony, nurses exhibited a clear circadian rhythm. However, when paired with eggs or larvae, they exhibited around-the-clock activity with no apparent rhythm. In contrast, a clear activity rhythm emerged when nurses were paired with a pupa, requiring little care. Such brood-type-specific changes in circadian activity are considered to arise from the difference in caretaking demands. Our finding may contribute to the understanding of the organization of a colony in the context of behavioural variability under different microenvironments.
Introduction
Most organisms exhibit a periodic activity of about 24 h. This circadian rhythm is considered to be an adaptation to the fluctuations of the environment. It can be entrained by various kinds of environmental stimuli, such as light cycles, temperature and diverse biological interactions [1] . How biological clocks are governed in an ecological context is a major question for understanding the optimization of biological systems [2] .
In group-living animals, social interactions influence almost every facet of life, including circadian activity. Specifically, interaction with infants or brood brings drastic changes to the activity rhythm of parents or nurses in humans, dolphins and insects [3] [4] [5] [6] . In social insects, nest-mates perform different tasks to achieve a highly organized system as a whole [7] . Given that nest-mates are highly dependent on social communication to adapt to task requirements, they provide an excellent model bridging chronobiology and social organization [8, 9] .
Immature social insects are fragile and they depend on the intensive care provided by nest-mates. For example, feeding by nest-mates is necessary for larvae in social hymenopterans [10 -12] . Besides this, eggs and larvae are highly vulnerable to pathogenic infections or parasites in social insect colonies [13, 14] . In accordance with the brood vulnerability, worker bees and ants inside the hive/nest ('nurses', which are usually young) often show around-the-clock activities, whereas workers engaged in foraging activities outside of the nest & 2017 The Author(s) Published by the Royal Society. All rights reserved.
('foragers', which are usually old) generally show clear circadian rhythms [9,12,15 -18] . Recent studies in honeybees and bumblebees demonstrate that caretakers show arrhythmic activity in the presence of broods [5, 6, 16] , raising the importance of a conditional expression of activity rhythm. Given that colonies have various types of brood that require different types of care (i.e. egg, larva, pupa), we hypothesize that workers can plastically change their activities in response to their current caretaking tasks.
In this study, we test whether the brood stages have varying effects on individual activities, using the monomorphic ant species Diacamma sp. ( putative species indicum) from Japan. Diacamma colonies consist of one mated egg-layer (i.e. gamergate) and 30 -200 workers which perform agedependent division of labour [19, 20] . Their nurses exhibit clear circadian activity rhythms when individually isolated from a colony (active in daytime) [19] . By pairing the nurses with different types of broods, we examined whether brood types differently affect nurse activities. Larvae and eggs are fragile and they require intensive care such as provisioning and allogrooming as in other social hymenopterans [10, 11] . In contrast, pupae have no need for being fed since they are covered with cocoons in Diacamma. In ants, cocoons protect pupae from pathogen infections, causing a change in sanitary behaviour [21] . Considering these differences, we predict that workers can change their circadian activity depending on the brood-care demands.
Material and methods
We excavated eight colonies of Diacamma sp. in Nakijin and Onna in Okinawa, Japan. Each colony was reared in plastic artificial nests filled with moistened plaster. This rearing method and the general biology of this species are available in [20, 22] . The nests were maintained at 258C under 16 L : 8 D (light phase, 0700 -2300). We defined workers within one month after eclosion and engaging in brood-care (e.g. carrying brood) as nurses [19, 20] . We considered four conditions: (i) solitary (one nurse only), (ii) a nurse with an egg pile (3-10 eggs), (iii) a nurse with a larva, and (iv) a nurse with a pupa in cocoon. For each experiment, we randomly chose different nurses and broods from each colony. During the experiment, one nurse was introduced in an experimental arena made of a square plastic container with each side 8 cm (figure 1). Ants were prohibited from climbing the walls by coating the lateral sides of the containers with fluoropolymer resin (PTFE-30 (Fluon), BioQuip, CA). In this condition, ants often move around the arena holding larvae, eggs or pupae in their mandibles (figure 2). We used red light (550-710 nm, peak: 637 nm) to minimize the light effect to imitate constant dark condition during experiment [24] . We continuously recorded the locomotor activity of each nurse for 5 days at 25+ 18C. The images were captured from above using a web camera (Logicool; HD Pro Webcam C920t).
Ant movement was automatically tracked from the recorded movie (see electronic supplementary material, movie S1). We obtained the position coordinates (x t , y t ) of the centre of the nurse's body at every second, and calculated the locomotor activity (i.e. movement distance) for every minute (see the electronic supplementary material). We determined circadian rhythmicity using x 2 periodogram analysis (test periods ¼ 1000, 1010,. . ., 1800 min) [25] and used 'power' as an index for the strength of rhythms. Power was defined as the maximum difference between the x 2 value and the significance threshold line p ¼ 0.05 [26] . Power is high when rhythm is strong and power of less than 0 indicates a statistically arrhythmic state. We calculated power for each individual using the 5 day data. We performed a parametric Dunnett's test, because data followed a normal distribution with homogeneous variance (Bartlett test,
Results
Treatments had a significant effect on the strength of circadian rhythmicity (ANOVA, d.f.
The auto-tracking system of behavioural activity supported the fact that Diacamma nurses (less than one month old) had clear circadian activity rhythms in solitary conditions under dim red light (figure 2a and electronic supplementary material, S2) [19] . However, when nurses were given an egg pile or a larva, their rhythmicity was found to be significantly weaker than that of solitary nurses (figure 2b, Dunnett's test, solitary versus with-egg: q ¼ 22.47, p ¼ 0.041; solitary versus with-larva: q ¼ 22.88, p ¼ 0.014), suggesting that social interactions with eggs and larvae reduce nurse activity rhythms. The actograms of with-egg and with-larva treatments show that nurses exhibit around-the-clock activities in these conditions (figure 2a). When nurses were given a pupa, however, this reduction in activity rhythm was not observed (figure 2a,b, Dunnett's test, q ¼ 0.262, p ¼ 0.99), implying that the rhythmicity of activity in nurse ants is broodtype-dependent. Total activity levels were not significantly affected by given brood types (electronic supplementary material, figure S1 ).
Discussion
The cooperative life of eusocial organisms brings about fundamental changes in an individual's behaviour depending on its allocated colonial task. From a chronobiological perspective, it is believed that inside-nest workers (i.e. nurses) of social insects had lost their circadian rhythms owing to colony-level selection for rapid growth of broods [5, 6, 9, 12, 15] . However, recent research shows that insidenest workers physiologically possess circadian rhythms (i.e. internal circadian clocks), which can emerge under solitary conditions [16, 19] , suggesting that social environments may underlie plastic expressions of activity rhythms. Our results provide clear evidence that the circadian activity rhythms of ant workers can be modified through social interactions with immatures in a highly brood-type-specific manner. This is the first report, to the best of our knowledge, rsbl.royalsocietypublishing.org Biol. Lett. 13: 20160743 that the circadian activity rhythm of caretakers undergoes brood-type-dependent changes.
Nurses exhibited circadian activity when paired with a pupa, but they showed reduced or no rhythmicity when paired with eggs or a larva. Such brood-type-specific changes in circadian activity rhythms are considered to stem from the differences between caretaking demands. In Diacamma, final instar larvae spin a cocoon before pupation, thus pupae are covered by cocoons. The pupal cocoons of ants protect pupae from pathogens and cause a change in worker sanitary behaviour [21] . Together with the fact that pupae need no provisioning, caretaking demand may be lowered at this stage. In contrast, eggs and larvae require more intensive care such as allogrooming and feeding, because brood cannot groom themselves or move around to feed by themselves. Brood-type-dependent plastic changes in circadian activities may be beneficial because the frequencies of the different brood types in the colony can vary according to season and colony conditions [27] . Additionally, in natural ant nests, there are typically multiple brood chambers that contain different types of brood [11] . Therefore, the workers' responses to the microenvironment may also enhance brood care efficiency in spatially structured nests. The context-dependent behavioural modification is central to the regulation of collective behaviour in social organisms and our finding may contribute to understanding the organization of a colony in the light of behavioural flexibility. 
